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Pow«r Transistor Switching Charactsrisatl ^n 

David L. Blackburn 
Blactron Devices Division 
National Bureau of Scandards 
Nashington, DC 20234 

ABSTRACT 

The results of the first year of an experisiental investigation of 
the switchlnc characteristics of power transistors are discussed. 
The devices studied were housed in TO-3 cases and wero of an n*^- 
vertical dopant structure. The effects of the magnitude of 
the reverse base current and teeperature on the reverse-bias second 
breakdown characteristics ars discussed. Brief discussions of 
device degradation due to second breakdown and of a constant volt- 
age turn-off circuit are Included. A description of a vacuum tube 
voltage clai^) circuit which reduces clamped collector voltage over- 
f.hoot is given. 


INTRODUCTION 

This report covers activities during the first year of the National Bureau of 
Standards (NBS) Power Transistor Switching Characterization project being 
sponsored by The Lewis Research Center, National Aeronautics and Space Admin- 
istration. The purpose of this tK>rk is to develop Improved methods for char- 
acterizing the switching properties, particularly the reverse-bias safe- 
operating-area limits, of po%«er transistors. Ideally, the methods %fould be 
circuit-independent. 

The tasks to be undertaken the first year weret 

Task 1 - Complete the study of the effect of base current magnitude on the 
switching characteristics of power transistors. 

A. Study variable base current dtiring turnoff. 

B. Study the Influence of device construction on the base current 
variation of second breakdown voltage. 

Task 2 Bee in study of the influence of device temperature on switching 
cha acteristics. 

A. Design and construct a heat sink with low electrical capacitance 
and select and purchase an electrical controller for the test 
apparat*:s . 

B. Initiate study to determine the effect of case tesg>erature on 
switching characteristics and reverse- bias second breakdown. 
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Ta«k 3 *■ Initiate study of degradation mechanisms of secor.' breakdom. 

A. Incorporate "controlled delay” into second breakdotm protection 
circuitry. 

B. Study the effect on device parameters of permitting device to 
to "stay” In second breakdown for varying lengths of time. 

Task 4 - Develop constant-voltage base turn-off circuitry to aid in develop- 
ing a circuit-independent method for establishing the reverse-bias 
safe-operating-area limits. 

ACCOMPLISHMENTS 

The power transistors investigated in this study have an n*~p~n~~n^ vertical 
dopant density profile and are housed In TO-3 packages. An example of the 
dopant profile as determined by spreading resistance [ 1 . 2 ] for an actual 
device la shorn In figure 1. Transistors of this structure are used In ap- 
pllcatloi^ that require the device to be switched on and off rapidly, to 
dissipate substantial energy, and to support high voltages. 

Most of the measurements described have been made using the nondestructive 
reverse-bias &afe-operatlng-area test system developed previously at MBS [3] . 
Some of the Important character Istlcs of this system are listed in table 1 . 
The most Important feature Is that all power can be removed from the transis- 
tor under test within 40 ns of the occurrence of reverse-bias second break- 
down (RBSB). Because of this, the devices that have been tested In this work 
(TO-3 housed) have experienced RBSB many times (in most Instances., over 100 
times) with no measurable degradation of their electrical properties.* Most 
such devices exhibited no change In either their open base, collector-esiltter 
leakage current. IcEO' their open emitter, collector-base leakage 
current. IcbO' after experiencing RBSB. In prior work, before the power 
removal circuit was optlod.z'*d. some devices were degraded during RBSB test- 
ing. The degradation was first evident ais an Increase In leakage currents. 

Task 1 


An extensive study of the effect of reverse base current. IbR' 
switching characteristics and RBSB behavior of power transistors was per- 
formed. Measurements for both constant and variable I^|^ were made. 

Examples of the MSB behavior as a function of 131 ^ for t^ree different 
devices are shown In figure 2. Each data point represents the measured volt- 
age at which second breakdown occurred. Vg 3 . for a constant 133 . with a 

"The TO-3 housed devices usually have a chip area of less than 0.4 cm^. 

Larger area devices (~3 cm^) housed In "stud-nK>unted" packages have degraded 
electrically after experiencing RBSB In the test circuit. As with the TO-3 
encased devices, all power was removed within 40 ns of RBSB. The degrada- 
tion may occur because as the device area Is Increased, the collector capac- 
itance Is also Increased. When RBSB occurs, the energy Internally dis- 
charged Increases as the collector capacitance Is Increased. The protection 
circuit cannot reduce this discharge of Internal energy. If larger area 
devices are to be studied, this problem must be Investigated furthei . 
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wuclBua collaccor currant, 1^, of 10 A. In Appandl?. A, it is shotm that 
tha variation of Vq 3 with I 33 dapands upon tha bahiLvior during turnoff of 
tha ravarsa**blaa suatalnlng voltage, also that tha variation can 

ba qualitatively axplalnad by tha thaory of avaiancha Injactlon [4] . ihe v«ach- 
anlsa of avaiancha Injactlon is coMnnly thought to ba tha doalnant Initiating 
■achanlsa of RB 8 B [5,6] « 

Hoiravar, tha thaory of c\irrant focusing to tha cantar of the ealttar fingers 
[5,6] , In conjunction with tha thaory of avalanche Injactlon, falls to accu" 
rataly predict tha values of Vgg for a given I 33 and during sustaining oper- 
ation* Tha thaory of avaiancha Injection predicts that RFSB should occur */han- 
evar tha electric field In tha collector Is large enough for significant carri- 
er Bultlpllcatlon to occur andi 

j,( 0 ) > q • Vjj • Nj, , [ 1 ) 

where 1 

j«(0) “ peak ealttar currant density (A/ca^), 
q “ aladtronlc charge (1.6 « 10“^® C) , 

V£ " scattering Halted drift velocity (~10^ ca/s), and 

Nq ” collector doping density (ca~3). 

The value of j«(0) can be computed froa the tlieory of currunc focusing for 
any values of and I 33 for a particular device. According to this theoty, 
tha value of :i«(x), the esd.ttar currant density at any point x along the 
ealttar td.dth, Is given by [5,6] i 

je''x) ■ sech^ (xA^) , (2) 

where t 

X -- position along emitter width (ca) and 

j^(x) ■ emitter currant density at any point x along the width of the 
finger (A.''ca^). 


The expression for L 3 Ist 
where t 

Ksb “ base sheet resistance under the ealttar (Q), 

G “ ^/1br» 

Vt - kT/q, 

where I 

k - Boltxaann's constant (1.38 x 10"^^ J/K) and 
T • teaparature (K). 

Tha total ealttar currant Is given byt 

I, - j,( 0 ) Z • Lg • tarJi (L^g) , 



(3) 
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where » 

Ig - emitter current (A) , 

Z " total device emitter perimeter (cm), and 
■ h*lf of the emitter width (cm). 

The value of j^CO) can be found by living eqe (3) and (4) simultaneously. 

The collector voltage and current wa/eforms for a device irhose voltage 
reaches V(^gj{(SUS) prlcr to Vgg are shown In figure 3. Second breakdown oc- 
ourt at Iq S 1.5 A and ''CE 5 650 V. The value of Ig|^ was 0.10 A. In table 
2 are listed the values of the various parameters required to compute j^CO} 
foi this device as well as how those parameters were determined. Also listed 
Is the value of which Is required to compute the right side of eq ( 1 ). 

For <«ustalnlng o;>eratlon, the equality sign In eq (1) holds. The value of 
j^CO) computed Is 13 A/cm^, whereas the value of the right aide of eq (1) 
is 128 A/cm^. Thus, the requlreswiit as stated by eq (1) that j«(0) be at 
least large as ti'e product of q*V£*N(^ for RBSB to occur Is not satis- 
fied. This failure in ag.eenwnt has been found to be the case for nearly all 
devices during sustaining operation. 

For the devices studied, the qualitative RBSB luehavlor as a function of 

cane tenq>erature (discussed later), and energy dissipation (dis- 
cussed In Appendix A) Is In agreement with the theory of avalanche Injection. 
It Is thought at this time that the failure of eq ( 1 ) to accurately predict 
the RBSB behavior during sustaining Is a result of a failure of the theory of 
current focusing to accurately predict tne peak current density. It Is spec- 
ulated that either a mechanism sisllar to thermal lnst..bxllty [7] or the 
Inability of the transistor to turn off uniformly spatially dua to Its emit- 
ter or base structure may cause the current density to be greater than pre- 
dicted by the theory of carrent focusing. These Idsas are being actively 
Investigated at this time. 

Keasurements were also made for a variable rsveree base current In order tc 
simulate circuit operating conditions for which cannot be held con- 
stant. The reverse base current waveform for these meaeurasients Is shown In 
figure 4. If the second step Is applJ's.! at any time during the traditional 
current storage time (and often any tli^- before the collector voltage has 
reached 100 V or so ). VsB depends only ujwn the magnitude of Igg at the end 
of the turnoff (Igm) and not at all upon the magnitude of the Initial Igp 
^^BRl)’ Some examples of tlie effect of such a variable Ib^ on V^b ere 
shown In table 3. The first column lists the constant values of Ibr used 
and the second column, the varues of Vqb for these Ibr* The third and fourth 
CO. usna list the values of VgB tor which the Initial value of IgB was set 
equal to 1 and 5 A, respectively, but ^he second step wac adjusted so that 
the final Ibb value was the same as listed in column 1. The second step was 
arbitrarily applied when the collector voltage reached about 10 V. In each 
Instance, the value of Vgg depends only upon the final value of Igp* 

These results are consistent with the theory of avalanche Injection In that 
It Is assuMd that the Instantnneous value of Igp determines che magnitude 
of j 0 (O) which determines the magnitude of '^ 8 B* 
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^^^le (2 ys/dlv) 

Pigura 3. Collector voltage and current waveforms for a 
device which reaches V^g){(SliS) prior to RBSB. The occur- 
rence of RBSB is noted on the voltage wavefonn. 


Table 2. 


Parameter 


Value 


Meth oc 


Base Sheet Resi-c-nce, Rgg Spreading Resistance 

Emitter Perimeter, Z 14.1 cm Metallurgical Microscope 

Emitter Half Width, Lg 0.014 cm Metallurgical Microscope 

Collector Current, !(; 1.5 A Oscilloscope 

Base Current, 0.1 A Controlled by Circuit 

Collector Doping, 8 x lO^^ cm" 3 Spreading Resistance 





time (500 ns/div) 


Figure 4. Reverse base current waveform for variable 
current. 


Table 3. 


^BR2 

SB 

^^BRI “ ^BR2^ 

^BRI ^ 

^BRI “ ® ^ 

0.05 

490 

490 

490 

0.1 

480 

480 

480 

1 0.2 

460 

460 

460 

1 0.5 

450 

450 

450 

1.0 

450 

450 

430 

2.0 

430 


410 

5.0 

300 


300 

' 10.0 

>900 
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No correlation has been observed bet%raen the RBSB behavior as a function of 
l 0 l^ and the construction of the transistors studied. As noted in Appen- 
dix A, devices of identical construction (seune part number, manufacturer, and 
date code) have exhibited a variety of different behaviors as a function of 
Ig{^. The major difference in construction betwe*»n the devices studied is 
in the dopant profile at the transition region bet%reen the collector and 
substrate. For some devices, the transition is smooth; in others, it is 
step-like. An example of the step-like collector profile as detenained by 
spreading resistance measurements is shown in figure 5. This is in contrast 
to the smooth transition shown in figure 1. No significant variation in the 
RBSB behavior as a function of Ibk has been observed %fhlch can be attrib- 
uted to this difference. Different collector doping profiles and small 
diffe ences in the base width or base doping density may have an effect on 
the value of Vgg for a given Iqb, but no significant differences have been 
observed in how Vgg varies as Ibr Is varied as these parameters are changed. 

At this time, it is difficult to study th* effects of device construction on 
RBSB behavior. It has been demonstrated vhat apparently identical devices 
display a variety of different behaviors. It appears that obvious differ- 
ences in construction may not be as is^rtant as the more subtle, as yet 
unknown, differences. An understanding of these differences apparently must 
await a more in-depth understanding of RBSB itself. 

The conclusions drawn from this phase of the study are: 

( 1 ) The RBSB behavior of a tremsisunr in sustaining operation as a 
function of IgR depends upon the variation of V(;^(SUS) as the 
device is turning off. The voltage at which RBSB may occur either 
increases or decreases as Ibr is increased, depending upon how 

behaves. 

(2) The theory of avalanche injection qualitatively explains the 
VsB behavior with varying Ibr* 

(3) The theory of current focusing in conjunction with the theory of 
avalanche injection does not accurately describe the RBSB behavior 
during sustaining. Because avalanche injection describes qualita- 
tively the behavior as a function of Irr as well as a function of 
temperature and energy, it is concluded that the theory of current 
focusing may be in error. 

(4) It is the magnitude of Irr at the end of turnoff that is impor- 
tant for determining the value of Vge and not the value early in 
the turnoff. 

(5) Although .'evice construction may influence the relative magnitude 
of VgB various Irr* the variability of behavior for seemingly 
identical devices makes it difficult at this time to attribute to 
differences in construction any variation in the functional 
dependence of Vsb on Irr. 
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Task 2 


The influence of the teiaperature of the transistor on its RBSB behavior 
studied. The results of this study are discussed in Appendix A. It was 
found that as temperature increases, the voltage at which RBSB occurs also 
increases. These results are in agreement with the avalanche injection the- 
ory of RBSBi l.e., the value of Vg 3 increases as T is increased. 

In order to make these measurements, a temperature-controlled heat sink was 
designed and built. The heat sink is an adaptation of the comnercial test 
fixture used in previous studies. The temperature is sensed with a Type K 
thermocouple inserted in the heat sink directly beneath the transistor being 
tested and insulated from the device by a thin layer of Thermal Film 1 (Ther- 
maloy Corp. ) .* The heat sink is heated by four strands of coiled nlchrome 
resistance wire Inserted in four holes drilled through the heat sink. Cool- 
ing is achieved with forced air. Both the ponrer supplied to the heating 
resistor and the volume of forced air are under the control of a temperature 
controller. The temperature range of the heat sink is 25*C to 100*C. The 
heat sink has very low thermal capacitance and therefore has short heating 
and cooling response times. More importantly, it features low electrical 
capacitance and thus the switching times of the transistor under test are not 
adversely affected. 

Task 3 m 


A study of the degradation of transistors due to RBSB was begun. To do thin, 
the ability to Introduce a controlled delay into the RBSB protection circuit 
has been implemented. The delay can be varied between 10 ns and 1 us in lu- 
ns increments. Thus, transistors cen be "taken into" RBSB and be allowed to 
remain in the low-voltage (<200 V) high-current density state associated with 
RBSB for up to 1 us. Because of the length of time they can remain in this 
state, the electrical properties of the devices can be degraded. 

The device parameters that seem to be most sensitive to numerous or extended 
RBSB excursions aure the leakage currents, either Iceo ^CBO* found 

that for the lowest values of Igp (0.05 A in this work), some devices may 
"stay in" RBSB for the entire l-ys limit and experience no apparent degrada- 
tion. This occurs %fhen the device reaches its reverse-bias sustaining volt- 
V(|^y(SUS), prior to RBSB and the collector current subsequently decays 
to a small value ("1 A) before RBSB occurs. For larger values of collector 
current, device degradation usually begins after only a few (only one for 
large currents) extended excursions into RBSB. 

The collector voltage has been observed tc experience two distinct "col- 
lapses" after the onset of RBSB. The first collapse occurs within the first 
10 ns after RBSB is initiated. In the devices studied, the voltage collapses 
to about 200 V. The voltage then decays to a value near 0 V (^0 V) in 


"Certain commercial equipment, instruments, or materials may be identified in 
order to adequately specify or describe the subject matter of this report. 

In no case d>es such identification imply recommendation or endorsement by 
the National Bureau of Standards, nor does it imply that the material or 
equipment identified is nacessarily the bost available for the purpose. 
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ijDout another 30 to 40 ns. These events can be ooserved because the firing 
of the protection circuit, which Is nomally activated some tine during the 
Initial collapse, can be delaynd as discussed above. The reason for the two 
periods of collapse Is not known. Oscillographs of these events for two 
different tenperatures, 25* ar<d 100*C, are shown in figure 6. The Initial 
collapse Is slower at the higher temperature, but the second collapse is 
faster at the higher temperature. The reasons for this behavior Is also 
unknotm. 

Tas! 4 


A constant reverse base voltage clrcxilt was developed which permits the de- 
vice being tested to be turned off with a constant voltage of 0.05 V to 5 V 
through a resistance of 0.1 fi to 50 Q. nie power supply of the constant 
reverse base current circuitry was altered to supply a constant vo'*tage. 

This modification will be used in the study to compare the effects of the 
constant current and constant voltage turn-off conditions on transistor turn- 
off and second breakdown. 

Other Accomplishments 

A new collector voltage claag> circuit has been developed, which, when added 
to the measurement system, reduces or eliminates the voltage overshoot for 
extremely faot-rlslng collector voltage waveforms. 

When a transistor which has an Inductive load at Its collector terminal be- 
gins to turn off, the voltage at the collector rises as the Inductor attempts 
to maintain a constant current. For hl^-voltage, fast-swltchlng tremsls- 
tors, the voltage can rise rapidly, perhaps as much as 500 V In 100 ns. In 
most applications for these devices, the maximum voltage rise Is llsd.ted by a 
voltage clamping circuit connected to th<a collector. Usually, the voltage 
clamp consists of a solid-state diode in series with a voltage source (claunp 
voltage) arranged In such a manner that the bias on the diode Is equal to the 
difference bettraen the collector volrage and clai^> voltage. When the collec- 
tor voltage Is lower than the clamp voltage, the diode Is reverse biased. 

When the collector voltage rises slightly above the clasq> voltage, the device 
Is forward biased, the current Is shunted from the transistor, and the col- 
lector voltage Is held constant at the clanqp voltage minus the voltage drop 
across the diode. 

The diode in the clamp circuit cannot Instantaneously go from a reverse-bias 
condition to a forward-bias condition. Even the fastest solid-state diodes 
must have time for the depletion region to collapse, which delays the forward 
biasing of the diode. This results In an overshoot of the collector voltage 
above the clang) voltage for a short period of time (~50 ns) for fast-rising 
collector voltages. The overshoot has been observed to be over 100 V for 
some very fast bipolar transistors tested on the nondestructive NBS test 
circuit. Because of the overshoot, the devices appear to experience second 
breakdom at lower claag> voltages than they tfould If no overshoot occurred. 
There Is no overshoot for slower rising voltages. 

To reduce the overshoot on the NBS circuit, a vacuum tube diode clamp circuit 
has been constructed %rhlch can replace the solid-state diode. The vacuum 
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tilue (10 ns/div) 


a. Case temperature = 25*C. 



time (10 ns/div) 


b. Case temperature = 100*C. 

Figure 6. Collector voltage waveforms during RPSB. The 
time base has been delayed to eliminate most of the por- 
tion of the waveform prior to RBSB. 
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tuba has no reverse recovery tisM and thus has a shorter delay tine in assum- 
ing its conducting state than does the solid-state diode. The result has 
been to eliminate overshoot in some instances and to substantially reduce It 
in others. 

Two disadvantages of the vacuw tube clamp are that the vacuw tube can have 
a substantial voltage drop, about 45 V for 10 A of current, and that it in- 
troduces an increased parasitic capacitance at the collector of the device 
being tested. The first disadvantage la overcosM by SMrely accounting for 
the extra voltage when recording the clasQ) voltage. The second does present 
a problem In that the collector currant can droop substantially during the 
early stages of the collector voltage rise as the extra clamp capacitance Is 
charged. Measurements have Indicated that this may have an effect on the 
second-breakdom characteristics of the device being tested. The vacuoa tube 
clamp Is only used when voltage overshoots are a problem, and at other times 
the solid-state diode claa^ Is used. The effect of the current droop on the 
second- breakdown characteristics Is being Investigated. A paper describing 
the new clamp circuit as well as some of the other "vacuw tube" features of 
the circuit Is Included as Appendix B. 
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AN EXPIRIMBITAL STUDY OT RBVKRSS-BIAS 
SBCOlO BRBAIOXMN* 

D. L. Bleckburn and D. M. Barnlng 


Blaotron Davlcea Dlvlalon 
National Bureau of Standarda 
Maahlngton, DC 20234 


ABSTRACT 

Sxpariaental raaulta ahowlng the Influence of 
ravaraa-baae current, caae taaperatura, collector 
Inductance, and peak collector current on the 
reverae-biaa aecond breakdown (RBSB) behavior of 
high-voltage power tranalatoro are 

preaentad. The reaulta are In qualitative agree- 
eent with the theory that avalanche Injection Ini- 
tlatee RBSB. TIta Inductance and peak collector 
c*irrent reaulta are In conflict with the theory 
that RBSB la Initiated at a critical teeperature. 

It la concluded that for theae davlcea for the con- 
dition atudled, RBSB la not Initiated at a critical 
teeperature. It la ahown that the theory of cur- 
rant focualng, In conjunction ulth the theory of 
avalanche injection, does not accurately predict 
the RBSB condltlona during device sustaining. It 
Is proposed that other eechanlsea In addition to 
current focusing contribute to the nonunlforalty of 
current during translator turnoff. 


ISTROOOCTIOM 

The reverse-bias (turn-off) characteristics of high 
voltage, fast switching power transistors have ba- 
coee aore leportant as these devices are used In 
Increasing nunbers as high speed switches In power 
conditioning applications. Research to leprova the 
device and circuit operating characteristics (1-3] 
and to better eodel and under stand their operation 
(4,S] Is continuing. Perhapa the aost severe le- 
padlstant to this 'research Is the continued lack of 
docuskented axperleantal results on which to base 
device design changes and with which to ooapare and 
Improve the prediction of eodals. The scarcity of 
axperlaental data results prlaarlly because of the 
difficulty In obtaining repeatable, accurate eea- 
sursiMnta In the presence of the large voltage and 
currant transients that occur during transistor 
turnoff and because of the destructive nature of 
raver ae-blas second breakdown (RBSB). The phanosM- 
non of RBSB detersanes the reverse-blaa Units of 
safe operation, but the physical nachanlsns of RBSB 
are only partially understood. 


*Thls work was dona as part of the Sealconductor 
Technology Prograe at the National Bureau of Stan- 
dards and was supported by Lewis Research Canter, 
National Aeronautlca a Space Adnlnlstratlon, 
Cleveland, Ohio under NASA Order Ho. C-32818-D. 


The purpose of this pnper Is to present experinen- 
tal results of the RBSB )3ehavior of high voltage, 
fast switching power transistors obtained using the 
nondestructive reverse-bias safe operating area 
teat circuit developed at t)M National Bureau of 
Standarda (NB8) (61. Bar liar results have previ- 
ously been reported (7,8). This imper reports re- 
sults of neasurenants of the RBSB be)iavior of 
power transistors as a function of 
t)M reverse-base current, case teeperature, collec- 
tor load Inductance, and peak oollector current. 

It Is anticipated t)>at the new results will be val- 
uable to device and circuit designers and eodelers 
for tasting and laprovlng their designs and eodela. 
la addition to helping to develop a bettor under- 
standing of the switching and RBSB c)iaracterlstlcs 
of power transistors, the objective of the NBS work 
Is to develop a basis for the improved ctiaracterl- 
satlon of these devices. 

THBORBTICAL BACKGROUND 

It Is generally believed that the eechaiilaa of ava- 
lancite Injection Is the dominant Initiating mecha- 
nism of RBSB in high-voltage power 

translators (4,10). This theory assumes tliat the 
collector current density becoows large enough lo- 
cally that the charge density In sosw region of the 
oollector Is ooeprlsed primarily of ttio free, 
current-carrying cltargaa. The net effect of this 
Is that the peak electric field in the oollector 
occurs at the oollector-substrate In- 

terface rather than at the base-collector (p-tl~) 
junction. If the field Is peaked at the oollector- 
substrate Interface and Is slsultaneously large 
enough for significant carrier multiplication by 
Ispact Ionisation to occur, avalanclie Injection 
will be Initiated (9]. This forces t)to device to 
operate In a negative resistance region (current 
density Increases as voltage decreasos' which Is 
Inha.-ently unstable (11]. The Instability mani- 
fests Itself os RB8B. T*ie electric field pea)cs at 
the oollector-substrate Interface whenever 

where 

jg ~ collector current density (A/cm^), 
q “ electronic charge (1.6 x 10”'® C), 
v^ ■ scatterlng-llsdted drift velocity 
(a.10^ cs^s), and 

N^ w collector dopant density (cm”®). 

The large currant density required for avalanche 
Injection to occur Is thought to be achieved as a 

16 



rasult of focuaing of th« aalttor currant to tha 
cantara of tha aalttar tlnqara [4,101. Hhan tha 
tranalator la turnad off froa a aaturatad oparatlnq 
condition, tha chat 9 aa that hava baan atorad In tha 
baaa and oollactor ra 9 lona ara axtractad via tha 
baae taralnal. Bacauaa tha actlva baaa banaath tha 
aalttar acta aa a raalatlva ooa(>onant froa and 
through which aoat of tha atorad charga la aa- 
tractad, a voltaga gradlant la craatad along tha 
width of tha baaa-aalttar Junction. Tha gradlant 
la auch that tha oantar of tha aaUttar la aora 
atrongly forward blaaad than tha adgaa and thua In- 
Jacta a largar currant danalty. Ixpraaalona which 
hava baan davalopad for calculating tha currant 
danalty aa a function of poaltlon along tha aalttar 
width (4, 10] pradlct that tha currant danalty at 
tha cantar of tha flngar, j^(0j, Incraaaaa aa 
aalttar currant, or ravaraa baaa currant, 

Xgn, la Incraaaad. 

BXPIRIMIMTAL RESULTS 

All of tha raaulta to ba dlacuaaed wava ganaratad 
for the tranalator being turned off with an Induc- 
tive load at Ita collector taralnal. Unlaaa othar- 
wiaa noted, tha aagnltuda of tha raveraa-baaa cur- 
rant, lg|^> uaa hald oonatant during turnoff. 

The teat circuit and condltlona were tha aaaa an 
hava baan daacrlbed pravloualy [6-8]. 

Heaauraaanta ware typically aade for both clapped 
and unclaapad condltlona. Tha claapad condition la 
ona for which a circuit external to tha device doaa 
not allow the collector voltaga to rlaa above a 
apeclflad value, and tha unclaapad condltl~^ in ona 
for which tha voltaga la allowed to rlaa with no 
claaplng extarnal to tha tranalator. Bacauaa tha 
only algnlflcant difference obaarvad In tha RBSB 
behavior between claapad and unclaapad condltlona 
la In tha aagnltuda of tha collector voltaga at 
which RBSB occura. and not In tha func- 

tional depandanca of thla voltaga on other paraaM- 
tera, only unclaapad raaulta arc praaantad. 

The occurrence of RBSB aanlfaata Itaalf as a sudden 
collapse of tha collector voltaga of tna tranalator 
froa the maxlaua voltage achlavad to about 200 V. 
The collapse occurs In laaa than 10 ns, and In thla 
work the voltage la reduced to saro within an addi- 
tional 40 iis by tha protection circuit [6|. Be- 
cause of thaaa short transition t'-ias, RBSB la ob- 
served on Boat of the oacilloacopa traces praaantad 
In this work as an abrupt halt of tha oollactor 
voltaga wavafora with an apparent dlsoontlnuous 
transition to saro voltaga. 

Tha results praaantad In this paper represent a 
saapllng of raaulta of nunaroua ■aaaurauanta on 
nuawrous devices. Bach of tha oacllloaoopa trac- 
ings praaantad shows the results of several uaa- 
suraaants auda on a single davioa. Typically, be- 
tween 10 and 100 siullar ■aasurananta hava baan 
parforuad on each of thasa davlcaa. Tha repeata- 
bility of thasa uaasuraaMnta Is within tha resolu- 
tion of tha oscilloscope prasantatlon. Tha large 
nunbar of RBSB uaasuraaMnta la nads possible by tha 
protection circuit that Is used [6]. For tha de- 
vice types discussed In this paper, hundreds of 
RBSB naaaurauanta can ba aada on a single dsvica 


with no apparent degradation of the device's alac- 
trloal paraaMtars. 

Tau p aratura 

Tna tauparatura of tha translator aay hava a strong 
Influanoa on Its RBSB behavior. Tha collector cut* 
rant and voltaga wavaforus for a dsvica for tha 
case tai^ratura T^. equal bo 2S*, 50*, 75*, and 
100*C ara shown In flg^ a 1. It has baan observed 
that In aluost every Instance, for all operating 
conditions, aa Tq la Increased, tha voltage at 
which RBSB occurs, Vgj,, Is Incraasad. This be- 
havior is consistent with tha avalanche Injection 
theory of RBSB. Because tha Ionisation ooaffl- 
clanta for electron and holes dacraasa aa tha tan- 
paratura la Incraasad, tha critical alactrlc flald 
raqulrad for significant Inpact Ionisation to occur 
la Incraasad. This raqulraa that tha oollactor 
voltaga at which tha critical flald la reached la 
also Incraaaad, l.a., Vgg la Incraasad. 

Ravaraa Baaa Currant - I»d 

Tha Magnitude of has a strong but varied 
affect on tha RBSB iMhavlor of hlgh-voltaga tran- 
slators. Tna naasurad Is shown aa a func- 
tion of Igg for throe davlcaa In figure 2. The 
variation of Vgg with Igg can bo partially 
explained with the aid of collector voltaga and 
currant wavaforus for thasa saua devices, which ara 
shown In figure 3. For soaM valuaa of Igp, the 
collector voltaga reaches tha reveraa-blas 
sustaining voltaga, ^cBX(SUS)' ** '^SB* 

Tha sustaining condition la evident In figure 3 as 
tha voltaga reaching a plateau and tha currant de- 
caying at a rolatlvaly slow rata and approxluataly 
linearly with tlua. Bacauaa of the tiua scalaa of 
figure 3, It la not obvious for devices A and B at 
Igg • 0.2 A and device C at Igp ~ 1 A that 
tha voltaga reaches By axpMdlng the 

tlua scale for thaaa wavaforus, as dona for figure 
4 for device C, it can ba seen that tha devices do 
reach tha sustaining condition for a brla* tlua 
prior to RBSB. 

Sustaining Condltlona - If tha dsvica voltaga 
reaches V,— ^ ^ prior to RBSB. as Igg la Incraasad, 
Vgg Bay aitnar incraaaa or dacraasa. For davlcaa 
such aa davloe A which raawln In tha sustaining 
condition for only a short tlua prior to RBSB and 
for which ^CXX(SUS) oonatant In tlua (doaa not 
changa aa decays ) , Vgg will usually Increase aa 
Irr Incraasad for sustaining condltlona. 

Host oftan, though, ^cBXCSUS) constant with 

tlua, but tends to Increase aa 1^ decays during 
tha sustaining condition. Davloas of thla type 
tand to raualn In tha sustaining condition for a 
rather long tlua prior to RBSB for tha lowest val- 
ues of Xgg. For thaaa dsvi exauplas of 
which ara davlcaa B and C, > Xgg la Incraasad 
for sustaining operation, Tgg usually dacraasas. 

Tha Vgg of device C axparlanoas both types of 
behavior, first dacraaalng and than Increasing aa 
Igg la Incraasad. Tha reasons fbr the dlffar- 
anoaa In tha sustaining bahavlor of thaaa davlcaa 
ara not known. Davlcaa A and B ara Identical da- 
'vloas aada by tha saua uanufacturar with tha saaM 
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Figure 2, The measured vol tegs et i^hich PBSB oc- 
curred, for d collector current ot lO n 

for verioua values of reverse-bas‘- current, 

I/u,, for three devices. A, B, and C. 


Figure 1. The col lector voltage wave/ora for a de- 
vice for three values of reverse-base current and 
the case temfjerature at 2i* , jO* , 75*, artd lOO’C. 
For each Igff, increasing T is from left to 
right, RBtiB occurs at the peak of each voltage 
eavefora for which the waveform abruptly halts. 


• 

J ' * 

l» ' 


* ■ 

• I* 

— I'V 

\ ^ , . 

« ' j 




1 

! i‘ 1 

■ ’•1 

I 

Uiji 


Device A, 


b. Device B, 


Davice C, 


Figure J, The collector voltage and current waveform for the same devices as in figure 2, RBS^ occurs when 
the voltage waveform appears to halt and discontinuously goes to zero. 



time I 50 "'s/di v) 


Figure 4 , Thu collector voltage waveform at an 
expanded time scale for device C, fgp “ 1 A, 

The voltage collapses to jtxxit 200 V after RBSB, 
The voltage waveform after RBSB is determined both 
by' the device and the protection circuit. 



Figure 5. The collector voltage and current wave- 
form for - 10 A, Iji, • 0,1 A, and L • 0,5 mB 
and 1,0 mH, 


18 







date ooda. Davie# C la of aimilar oonatruction to 
k and B, but waa Mda by a dlffarant Manufacturer. 
Por auatalnlnq oonditiona, the variation in Vgg 
with Igg ia not a predictabla function. 

By uain 9 the axpraeeion developed for caloulatinf 
),(0) [4,10], it ia poaaible to teat the quanti- 
tative predictiona of the thaoriee of currant fo- 
cuainq and avalanche injection for auataininq oon- 
ditiona. Por aaall Igg coaiparod to (Ig ■ 1^) 
and for euataining conditiooa, aq (1), the criteria 
for RBSB to occur, bacoaca 

J,«0) - (2) 

The device phyaical paraBatera required for ooaput- 
Inq j,(0) can be determined from apreading reaia- 
tance aaaaurementa and emitter dimanaicn mmaaura- 
manta. Typically, for the amallaat valuaa of 
lag *nd for auataining operation, it haa been 
found that the computed vmluea of j^(0) for the 
obaerved aacond-breakdown conditiona, much aa ahown 
in figure 3, are leaa than 10 percent of thoee 
naceaaary to aatiafy eq (2). Alao, for the drvicea 
and oonditiona -tudiad, the theory of current fo- 
cuaing predicta that during auataining, aa ia 
decreaaing, J,(0) ia alao dacraaaing.* Thua, the 
theoriea of current focuaing and avalanche injec- 
tion predict that if the device doea not axparienoe 
RBSB before auataining baglna, RBSB will not occur 
and the device will aafely turn off. The reaulta 
in figure 3 ahow thia not to be the caae. One raa- 
aon for theae diacrapanciea nay bo that other na- 
chaniaM in addition to currant focua.'ng can cauae 
the currant to conatrict to a locally high denaity. 
More will be eaid about thia later. Alao, becauae 
the device may be diaaipatlng a aignifioant amount 
of energy during the auataining condition, tha poa- 
aibility waa inveatigated that a thermal machaniam 
rather than avalanche iniection adght initiate 
RBSB. Theae naaaurementa will alao be diacuaaad 
later. 

Wonauataininq Conditiona - Por valuee of Igg auch 
that the voltage of tha device doea not reach 
’'CBRCSUS)' “*• Vgg With varying igg 

ia aa predicted by tha theory of current focuaing 
and avalanche injection. ‘That ia, aa Igg ia 
inermaaed, for a given an cter currant, j,<0) 
ahould incraaaa. Thia rauaea RBSB to occur at a 
dacreaaed voltage. Eventually, though, aa tha mag- 
nitude of Igg approachaa that of the maaiaum 
collector current, I(||. tha magnitude of tha 
maxiaaim emitter current, Ig||, approachaa aaro 
becauaai 


- 1 


CM 


- 1 


BR 


(3) 


** ^BM B*cauaa the maitter 

effactivaly ia turned off and there ia no current 
focuaing, the breakdown voltage increeaea moC oan 
approach V^g^, the open aaUtter, col lector -baae 
breakdown voltage. Thia occura for Igg ~ 10 A for 
all three' devioea of figurea 2 and 3. 


*A correction for variation in tha effactive baae 
aheet reaiatanoa due to changing injection levela 
waa made in performing theae oaleulationa. 


Energy Diiaipation 

There ia ample evidence that for davicea of differ- 
ent atrueturma and for different operating oondi- 
tiona then thoae atudied hare, RBSB may be initi- 
ated by e thermal machaniam (12]. Mh«n thia mecha- 
niom doadnatea, RBSB ahould bu initiated when the 
device locally rmachma a critical junction tempera- 
ture. Because the energy diaaipeted My be signif- 
icant, mmaauremenra have been made to determine if 
a thermal machaniam is responaible for the RBSB be- 
havior for high-voltage davioaa Airing the sustain- 
ing condition. 

Inductance - If RBSB ia Initiated at a critical 
junction taagiarature, if only the oollector load 
inductance t, ia varied, the total energy disalpatad 
by the tranaiator prior to RBSB ahould not change. 
Thia energy in given byi 



where tg ia the time that turnoff begins end 
tg|^ is tha tiBM RBSB occura. Tha oollector 
vsitaga and current waveform for L * 0.5 and 1.0 nM 
ara shown in figure 5. Prom these waveforms, the 
calculated energy dissipated prior to RBSB is about 
twice as great for L ■ 1.0 mil aa for L • 0.5 oH. 
This indicates that the temperatura at which RBSB 
occurs is significantly greater at L ■ 1.0 nH than 
at L w 0.5 nH. Although this ia not ia agreement 
with the concept of RBSB being initiated at a crit- 
ical taeyerature, tha rasults are in quantitative 
agreeoMnt with the prediction of the theory of ava- 
lanche injection. That ia, L ahould have alaost no 
affect on tha magnitude of Vgg. The alight in- 
creaoe in Vgg for L ■ 1 mS in figure 5 is prob- 
ably due to the higher temperature at which RBSB 
occurred. 

Peak Current - Another test of the critical teeper- 
ature theory is the RBSB behavior aa is 
varied, with all other purnotars held constant. 

Tha energy dlaalpated prior to RBSB for different 
Iqi ahould be about the eune if RBSB occurs at 
a critioal temperatura. The collector currant and 
voltaga weveforma for aaveral values of Iq| ara 
shown in figure 6. As Ig| is increased, Vhs 
energy diaaipeted prior to RBST alao increeaea un- 
til Iqi ■ 15 a for rdiich the device no longer 
reachea the sustaining condition, but experiences 
RBSB first, neither tha vmtylng energy diasipation 
with Igi nor the sudden change in behavior at 
15 A can bo explained by the critical temperature 
theory of RBSB. 

Tha reaulta of figure 6 can ba explained by the 
theory of avalanche injection if it ia asauawd that 
some othar machaniam ^ addition to currant focua - 
inq oontrlbutes to tlie generation of a high-current 
density. The diaoontlnuity in behavior oan occur 
aa Iqi is increased to*v15 A if the value of 
jg(0) at the instant the device reaches the sus- 
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ri^ur* 6. Thm collector current end voite^e weve- 
torm for vtrioum volaem of end Ig^ 0,1 h, 
eii other pereaetere /leid conccent* Mhmn 1 q^ “ 15 A, 
Che device no lonjer eusteina prior to RBSB. 

tainln 9 condition setlaflns eq (1) with the equal- 
ity sign. If ia incraaaed further, the In- 

equality in eq (1) ia aatiafled and RBSB oocura 
prior to auataininq. Below ■ 15 A, «dien 
the device reachea the auataininq oondltioa 1^(0) 
doea not aetiafy eq (1), Aa the auataininq ooodi- 
tion continuea, other aachanijaM in addition to 
current focuainq nay cauaa the current to begin to 
localiae within the tranalator. Parhapa a pha no aa 
non aiBilar to the tharawl inatabillty [13] that la 
known to occur for forward-bias operation oauaea 
the current to begin to localiae, or perhaps aomm 
ragiona of the tranalator do not *turn off* aa 
readily aa othera becauaa of theli location with 
raapect to the baae or eaitter leads or beoauae of 
the device geonetry. If such nechaniaas do occur, 
then the effective active area of the translator 
■ay begin to >creaaa and the current density in- 
crease even though the total aaittar aurren* *e de- 
creasing during sustaining. This can uaus< j„. 0) 
to increase and eventually beooaa large ant to 
satisfy eq (1), 

C0NCLU8I0MB 

Haasu>'eaanta showing the influence of reverse-base 
current, case taa^eratura, oollector Induotanoa, 
and peak oollector current on the reverse-bias 
second-breakdown (RBSB) behavior of 
high-voltage power transistors have been presented. 
The inductance and peak collector current results 
are in conflict wit** the conoapt that RBSB any be 
initiated at a critical t as gi irature. It la con- 
cluded. for theae devices and for the operating 
conditions studied, that the theory that WBB is 
initiated at a critical teaperature is incorrect. 

All of the reaults are in qualitative a^eaasnt 
with the theory of avalanche injection aa the ini- 
tiating Bschaniss of RBBB, The quantitative pre- 
diction/. of the theory of current focusing during 
sustaining are ahown not to be arcurate in prediot- 
Ing the RBBB behavior. It ia speculated that other 
■echanisea contribute to the nonwiiforaity of the 
current during this type of operation. 
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USX 07 VACUUM TUBBS IN TEST INSTRUMENTATION POR MEASURING 
CHARACTERISTICS OP FAST HIGH-VOLTAGE SEMICONDUCTOR DEVICES* 

David Barnlng 
Electron Devices Dlvluion 
National Bureau of Standards 
Washington, DC 20234 

Circuit techniques are described that peralt measureKent of fast 
events occurring In power semiconductors. These techniques %rare 
developed for the dynasdc characterisation of transistors used In 
Inductive load switching applications. Past voltage claaQ>lng using 
vacuum diodes Is discussed, and reference is made to a unique 
circuit that was built for performing nondestructive reverse-bias 
second breakdown tests on transistors. 

INTRODUCTION 

Recently, there has been a large Increase in the demand for fast switching, 
high-voltage power transistors. Along with the Increased use of these 
transistors has come the need for accurate measurement of the limits of safe 
operation for these devices. Reverse-bias second breakdown usually 
determines these limits for the transistors operating In a switching mode. 
Because of the large currents and voltages and fast ttanslents Involved, 
there are numerous Instrumentation problems In making controlled and 
repeatable measurements of the limits. 

The devices being studied are used primarily for various typ^s of power 
conditioning equipment including switching power supplies, motor controls, TV 
deflection circuits, and automotive ignition systems. In these applications, 
the transistor Is usually required to turn off from a saturated condition 
with an Inductive load in the collector circuit. The inductance causes the 
collector voltage to rise rapidly to a high value upon transistor turnoff. 

The voltage that the collector reaches Is usually limited by a clamp diode 
that Is intended to prevent breakdown of the transistor switch. In testing 
these transistors, it is desirable to develop circuitry that will approximate 
the circuitry in which these devices are normally used, but to maintain 
additional control over various parameters such that accurate measurements 
can be made. 


BACXG.30UND 

A circuit built for measuring the reveTse-blas safe operating area (RBSOA) 
for high-voltage bipolar switching tr .nslstors Is described In detail 
elsewhere [B-1]. TThls circuit was developed using some ideas ^7om one built 
by Jahns [B-2] . The circuits perform second breakdown testa by turning off 
thu transistor under test (TUT) that has been in a saturated conducting 
state. The TUT has a load Inductor In the collector circuit, and upon 
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turnoff, ti'* ''lector voltage riaes rapidly until either the voltage is 
limited by z 'age clamp, the device reaches ita reverse-bias sustaining 
voltage, or the oevice breaks down causing the voltage to rapidly fall to a 
low value. Botn the circuits of Berning ^md of Jahns include a feature that 
allows second breakdown measurements to be made, usually without destroying 
the TUT. The collector voltage collapse at breakdown is sensed amd a shunt 
protection circuit removes the remaining energy stored in the inductor so 
that the energy absorbed by the TUT is sdnimized. If this energy is not 
diverted quickly, the transistor will be destroyed. The effectiveness with 
which the circuit can test and save devices is related to how fast the energy 
can be diverted from the TUT after it breaks down. 

One of the major differences between the tiro circuits is the capability of 
the protection circuit. The earlier circuit by Jahns uses high-voltage 
transistors to shunt the inductive energy away from the TUT, and a 350-ns 
energy removal time was reported. The later circuit uses pentode tubes and 
has an energy resKjval time of <'>0 ns. Vacuum tubes are faster than 
transistors for high-voltage applications because of the time Involved in 
storing the charge required for conduction in transistors. The pentode tubes 
used for th.i protection circuit are type 6 LF 6 , which is a high perveance type 
intended for horizontal deflection in television receivers. In the 
protection circuit 16 of these tubes are driven by low voltage, high speed 
transistois bieised class A. In this configuration the circuit can haindle 
1000 V cuid 30 A, with a slew rate of 5 x 10^ V/ys. The circuit of Berning 
consistently permits hundreds of second breakdown measurements to be made on 
a single transistor without destroying the device. 

Numerous results using this later circuit have been published [B-3,B-4]. The 
entire safe operating 'xea has been generated and the effects of different 
base currents on the second breakdown susceptibility has been shown, using a 
single device for all the .seasurenents . 

CIRCUIT DETAILS 

A simplified diagram for 'cho circuit described In reference [B-1] is given in 
figure B-1. Before a test is initiated on a transistor, a claiq) voltage, 
which can be set i^nywhere between 0 and 1000 V, is applied to the shunt pro- 
tection circuit to isolate the TUT and the load inductor, L 3 , from tlie pro- 
tection circuit by the reverse-biased clamp diodes, CR7 to CR9. This siini- 
mizes stray capacitance at the collector of the TUT. Three fast-switching 
diodes are used in series for the clasqping function to obtain the required 
V -^Itage capability. The test, for revorse-bias second breakdown is initiated 
by applying a base current to the TUT to turn it on for a period of time 
during which energy is stored in the load inductor. The TUT then receives a 
reverse-base current pulse to tum off the device, and the load inductor 
forces the collector voltage on the TUT to rise. The lijsits of the safe- 
operating area are determined by measuring how much voltage the device can 
withstand before it breaks down. Since the safe-operating-area measurements 
are generally done for many different conditions of base drive on the same 
device, it is desirable to save the device from destruction with each 
breakdown test. 
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A capacitor. Cl, activates the shunt protection circuit when the collector 
voltage of the TUT collapses upon the onset of second breakdotrn. This 
capacitor consists of a short length of wire near the base of a sensing 
transistor internal to the shunt protection circuit* This very saall 
capacitance acts as a differentiator to detect only the very rapid fall in 
collector voltage associated with second breakdown as this voltage transition 
typically occurs in 10 ns* The collector voltage decrease associated with 
the collapsing inductor field after nearly all of the stored inductive energy 
has been dissipated is a slower voltage transition (occurring over 2 d)out 1 ys 
or acre) and is Ignored by the shunt protection circuit* 

When the TUT experiences second breakdown, the high-speed vacxzua tube 
protection circuit reaoves the stored energy resuiining in the inductive load 
by shunting the clai^ supply to the -140 V power supply* Additionally, when 
the protection circuit is activated, the claap supply and the '^CC supply 
are turned off* An additional dlode-reslstor-inductor network, which 
consists of CR1 to CRB, R1, and L2, allows the claap voltage to go negative 
for a short period of tine after second breakdown has occurred and then decay 
to 0 V to overcone the inductance in the wire that connects the protection 
circuit to the TUT* Five power Schottky diodes, CR10 to CR14, are in series 
with the collector of the TUT to effectively open the collector lead when the 
clai^ voltage is driven negative* 

CIRCUIT IMPROVEMENT 

In using the test circuit described ^dx>ve, it has been noted that some of the 
newer bipolar transistors aeasired have a very fast collector voltage rise 
time when large reverse base currents are used* Voltage rise rates of 10^ 
V/ys have been observed* The new power MOSFET devices also produce sisLilar 
slew rates* The solid-state cla^p diodes used for limiting the collector 
voltage are unable to turn aa fast enou^ to prevent the voltage at the 
collector of these very fast transistors from going far beyond the desired 
claunp value during the test* Over 100 V of overshoot has been (^served. 
Because it is very difficult to characterise devices accxirately under such 
conditions, a vacuum diode claap was introduced into the circuit between the 
junction of LB and CR10 and the claap supply* This new clamp greatly reduces 
the overshoot* Figure B-2 is a photograph showing the collector voltage 
waveforms for both the solid state and tube claif)* Host of the overshoot 
remaining in the tube claap is caused by thi Inductance in the wires leading 
to the clai^* These wires could have been considerably shorter had this new 
added cl^u 9 been designed into the original circuit* The tube diodes used 
for the feist cleu^> lure type 60GB, which are designed for damper diode use in 
television receivers* Six were wired in parallel to hewdle a clasping 
current of 10 A* 

There are some disadvantages in using the tube clasp* One disadvantage is 
the internal resistance which causwe a voltage drop of about 45 V for 10 A 
through this six-diode clai^* This voltage drop decreases to approximately 
zero as the current decreases to zero, and the clamped voltage changes 
somewhat as the current through the claap ch^ges* This is not a serious 
problem because the data can be corrected for this effect if necessary* A 
second disadvantage is the added capacitance of the tube clai^p* The six 
vacuum diodes and associated wiring add 150 pF from the collector circuit of 
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Figure B-2. Examples of voltage overshoot using solid-state diode 
and vacuun tube diode. The overshoot is 100 V for solid-state 
diode and 50 V for the tube diode. The vertical scale is 100 V 
per division and the horizontal sc..le is 50 ns per division. 



Figure B-3. Collector current for conditions of momentary clamping 
and subsequent second breakdown. The top trace is the collector 
current when the solid-state diode clamp is used, and the bottom 
trace is the collector current virhen the tube diode clamp is used. 
The scale factors are 5 A per small division on the vertical and 50 
ns per small division on the horizontal. 
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th^ -7CT to ground. Neasuronents have oean made to dateniine the effect of 
150 pF of additional snubbing to the collector circuit for the fastest 
transistors turning o^f 10 A. The rate of voltage rise Is not significantly 
reduced, but there Is a reduction In the collector current during the tine In 
which tne collector voltage is rising since the stray tube capacitance must 
be charged. 

Often, the collector voltage of the TUT is clamped nonentarlly, but the 
device ejqperiences second breakdown before all of the collector current Is 
diverted Idirough tl.e cla<^>* When the device breaks down under these 
conditions, there is a very large reverse recovery current from the 
solid-stiite clang) diodes before the protection circuit can take over. This 
surge of current does not occur with the tube claiq> as there Is no equivalent 
recovery time. The superior behavior of the tube claeg> under these 
conditions permits the collector current to be measured more accurately 
during second breakdown with less stress than with the solid-state clanp. 
Figure B-3 Is a photograph that shows the dlfferance In collector current at 
breakdown between the solid-state clamp and the tube clasg>. It can be seen 
that the current appears to reach peak values of 30 A and -20 A with the 
solid-state clang>. Since the bandwidth of the current probe used Is only 
About 50 MHr, it Is likely that the peak current Is even larger than 
Indicated in this figure as these transitions are very fast. With the tube 
claiq), only one large peak in the current is observed. This peak is caused 
by the discharge of the parasitic capacitance associated with the collector 
of the TUT. The other large current spikes are not present. 

CONCIJUSK^ 

It has been found that some difficult measurements of high-voltage 
fast-switching transistors can be ianroved by the use of vacuum tubes in 
critical parts of the test circuits* The fast response of the tubes and 
freedom from recovery phenonena reduce vol^ge overshoot in voltage claiqplng 
and reduce uncontrolled current spikes normally generated in solid-state 
cl€uiqplng diodes when owasurlng transistor second breakdown. 
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